Introduction {#sec1}
============

The continuing miniaturization of Si-based integrated circuits has led to high-performance compact devices with reduced power consumption at lower cost.^[@ref1]−[@ref3]^ Associated with this rapid downscaling, metallic interconnects have become a severe bottleneck due to their high space demand, signal delays, and electromagnetic interference.^[@ref4],[@ref5]^ Thus, there is an increasing demand for high-speed data transmission in the optical domain.^[@ref6]^ While effective on-chip detection and transmission have already been demonstrated,^[@ref7]^ conventional light-emitting diodes and lasers based on pure Si or Ge cannot be realized, due to their indirect band gap. In this context, there is considerable interest in developing group-IV-based Raman lasers. Nevertheless, the low quantum yield of stimulated Raman scattering (SRS) in Si and Ge requires large device footprints and high lasing thresholds.^[@ref8],[@ref9]^ These centimeter-scale lasers are incompatible with the goal of fabricating on-chip energy-efficient monolithically integrable lasers.^[@ref10],[@ref11]^ Meanwhile, semiconducting nanowires (NWs) may possess great future potential due to their quasi-one-dimensional (1D) cylindrical geometry and easy device integration.^[@ref12],[@ref13]^ In terms of optoelectronic devices, it was already demonstrated that NWs can function as both active optical device elements^[@ref14]^ and transmission lines.^[@ref15]^ Lasers fabricated from direct band gap semiconductor NWs have been achieved using GaN,^[@ref16]^ ZnO,^[@ref13]^ and CdS.^[@ref17]^ However, there are only a few works on NW-based Raman lasers, including the pioneering work on cavity-enhanced SRS in GaP NWs^[@ref18]^ and cavity-mode enhanced SRS in Si NWs.^[@ref19],[@ref20]^ To our knowledge, there are no further reports on this important nonlinear optical effect in semiconductor NWs.

Methods {#sec2}
=======

Device Fabrication {#sec2.1}
------------------

Vapor--liquid--solid^[@ref21]^ (VLS)-grown Ge NWs with a length of several micrometers and diameters ranging from 40 nm to 140 nm were dispersed onto a Si substrate with 100 nm of thermally grown SiO~2~ atop. To synthesize the Al-Ge-Al NW heterostructures, Ge NWs with diameters of 100 nm were brought into contact with Al pads fabricated by electron beam lithography, 150 nm Al sputter deposition, preceded by a 5 s HI dip (14%) to remove any Ge oxide, and lift-off techniques. The Al-Ge exchange reaction is induced by rapid thermal annealing (UniTemp UTP 1100) at a temperature of *T* = 624 K in forming a gas atmosphere and results in quasi-1D NW heterostructures. To achieve small Ge nanostructure devices, such as nanodots and nanodiscs, consecutive thermal annealing steps were applied, accompanied by SEM imaging.^[@ref22],[@ref23]^

Raman Measurements {#sec2.2}
------------------

A confocal μ-Raman setup (Alpha300, WITec) was employed in backscattering geometry with a grating monochromator and a CCD camera (DV401- BV, Andor). A frequency-doubled Nd:YAG laser emitting linearly polarized light at λ = 532 nm was used as an excitation source. The laser light passes a beam splitter with an integrated polarizer and is focused onto the sample surface through an achromatic Nikon EPI EPlan 100 x objective (NA = 0.9, WD = 0.23 mm), enabling a diffraction-limited spot size of ∼720 nm. The scattered light was confocally collected through the objective and filtered to remove the excitation wavelength and then coupled into a fiber that guides the light to the spectrometer.

FDTD Simulations {#sec2.3}
----------------

Numerical three-dimensional (3D) finite difference time domain (FDTD) calculations were performed (based on the commercially available software Lumerical FDTD) at λ = 532 nm incident wavelength to estimate the strength of the Raman effect from the Ge TO mode. The electrical energy inside the Ge segment was calculated by integrating the simulated integrated field intensity over the entire Ge volume with *n*^2^ = ε~r~\*μr and μ~r~ = 1, where ε~r~ is the relative permittivity and μ~r~ is the relative permeability. The data are typically normalized to the peak value, and hence cancels out within the fraction to provide a relative local field enhancement factor. When estimating the relative strength of Raman scattering between different Ge nanostructures, the calculated data per Ge volume was corrected by the measured signal decrease due to the temperature increase in the NW segment as explained in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02602/suppl_file/jp0c02602_si_001.pdf).

Results and Discussion {#sec3}
======================

In this paper, we present a systematic experimental investigation of Raman scattering in Ge nanostructures. The VLS- grown Ge NWs with a length of several micrometers and diameters ranging from 40 to 140 nm were dispersed onto a Si substrate with 100 nm of thermally grown SiO~2~ atop. Raman spectroscopy was performed using a confocal μ-Raman setup with CW laser excitation at λ~pump~ = 532 nm. A schematic illustration of the μ-Raman experiments on Ge NWs in backscattering geometry is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The Stokes Raman spectra of an NW with a diameter of 100 nm for pump laser intensities between 8 and 200 kW/cm^2^ are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. The Raman spectra reveal two distinct peaks assigned to the Stokes transverse optical (TO) modes of Ge--Ge vibrations (Ge TO) at about 301 cm^--1^ and the Si--Si vibrations (Si TO) of the underlying Si substrate at 520 cm^--1^.^[@ref24]−[@ref26]^ With increasing pump laser intensity, both the TO modes increase in intensity but only the Ge-related Raman peak undergoes a slight red shift. The inset shows the red shift of the TO phonon mode of a 2 μm long (black) Ge NW and a 100 nm long (red) Ge NW for increasing pump intensities up to 190 kW/cm^2^. This red shift is associated with laser-induced heating. The more pronounced red shift of the Ge TO phonon mode is consistent with the lower thermal mass of the shorter Ge NW.^[@ref24],[@ref27]^

![(a) Schematic illustration of μ-Raman experiments on Ge NWs in backscattering geometry and confocal detection. (b) Exemplary Stokes Raman spectra of a Ge NW with a diameter of 100 nm and a length of 2 μm for laser excitation (λ~pump~ = 532 nm) with intensities between 8 and 190 kW/cm^2^. The Raman spectrum shows the TO modes at 301 and 520 cm^--1^ assigned to Ge-Ge and Si-Si vibrations of the Ge NW and the underlying Si substrate, respectively. The inset shows the red shift of the Ge TO phonon mode for a 2 μm long (black) and a 100 nm long (red) Ge NW for pump intensities up to 190 kW/cm^2^.](jp0c02602_0001){#fig1}

According to the work of Agarwal et al.^[@ref19],[@ref20]^ cavity-mode enhanced SRS in Si NWs was demonstrated to arise from higher electric field intensity and lower mode volume of the electromagnetic modes inside the quasi-1D nanostructures. To investigate the dependence of the Stokes intensity of the Ge TO peak on the Ge NW diameter, numerical calculations were performed to calculate the electric energy confined to the Ge NW via the finite difference time domain (FDTD) method.^[@ref19],[@ref28]^ The calculations shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a clearly reveal that for λ~pump~ = 532 nm, the highest electric field intensity is observed for Ge NWs with a diameter of about 100 nm. The calculations were then compared with the integrated Ge TO Stokes intensity of Ge NWs with diameters between 40 and 140 nm. As heating not only induces red shifts but also decreases the Stokes intensity,^[@ref29]^ the recorded spectra were corrected for these temperature effects (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02602/suppl_file/jp0c02602_si_001.pdf)). As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, Ge NWs with a diameter of 100 nm show the highest Stokes intensity. In all of these cases, the Stokes intensity of the Ge TO peak increases linearly with the pump intensity, indicating spontaneous Raman scattering.^[@ref19]^

![(a) FDTD calculation of the spatial distribution of the electric field intensity inside Ge NWs of various diameters as a function of excitation wavelength. (b) Normalized integrated Stokes intensity of the Ge TO peak of 2 μm long Ge NWs with different diameters at various pump intensities. The μ-Raman measurements were obtained using a λ = 532 nm pump laser and corrected with respect to thermal effects.](jp0c02602_0002){#fig2}

To cope with the problem of laser-induced heating and to further achieve and explore SRS, Ge NWs were monolithically integrated in metal--semiconductor--metal (M-S-M) NW heterostructures ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Therefore, the Ge NWs on the oxidized Si substrate were brought into contact with 150 nm thick Al pads using electron beam lithography, Al sputter deposition preceded by 5 s HI dip (14%), and lift-off techniques. To adjust the Ge NW segment length, a thermally induced exchange reaction was applied using rapid thermal annealing.^[@ref22],[@ref23]^ This results in axial Al-Ge-Al NW heterostructures with ultrascaled Ge segments that came into contact with both sides by self-aligned monocrystalline Al leads with abrupt M--S interfaces (see [Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02602/suppl_file/jp0c02602_si_001.pdf)). The schematics and SEM images in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b show such Al-Ge-Al NW heterostructures with typical Ge geometries further denoted as the Ge segment (*L* \> *d*), the Ge nanodot (*L* ≈ *d*), and the Ge nanodisc (*L* \< *d*).

![(a) Schematic illustration of μ-Raman experiments on Al-Ge-Al NW heterostructures in backscattering geometry. (b) Schematic illustration and SEM images of a Ge segment (*L* \> *d*), a Ge nanodot (*L* ≈ *d*), and a Ge nanodisc (*L* \< *d*) monolithically integrated in an Al-Ge-Al NW heterostructure.](jp0c02602_0003){#fig3}

The c-Al leads contacting the Ge segments are expected to effectively dissipate the energy introduced by laser excitation. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the Raman shift and the corresponding calculated temperature increases at various laser pump intensities for a 100 nm long Ge NW and a Ge segment of the same length embedded in the Al-Ge-Al NW heterostructure (dashed and solid red lines, respectively). As expected, the bare Ge NW heats up significantly more than the Al-Ge-Al NW heterostructure device. This is attributed to efficient heat transfer by the c-Al contact leads and dissipation by the large Al heat sinks. This is further supported by the investigation of various heterostructure devices between *L* = 500 and 20 nm, which revealed significantly lower laser-induced heating effects for even smaller Ge segments.

![(a) Comparison of the laser heating effect on the Raman shift of Ge NWs and Al-Ge-Al NW heterostructures all with a diameter of 100 nm. (b) Polar representation of the normalized angle-dependent integrated Stokes intensities of the Ge TO peak of a Ge NW (black), a Ge nanodot (red), and a Ge nanodisc (blue). All μ-Raman measurements were obtained using a λ = 532 nm pump laser.](jp0c02602_0004){#fig4}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b shows a comparison of the normalized angle-dependent integrated Ge TO Stokes intensities of a Ge segment, a Ge nanodot, and a Ge nanodisc all integrated within Al-Ge-Al NW heterostructures. Here, the electric field polarization is being rotated from being parallel (transverse magnetic, TM) to being perpendicular (transverse electric, TE) to the NW axis. Elongated Ge NWs (black) exhibit the highest integrated Stokes intensity of the Ge TO peak when the incident polarization is parallel to the NW axis. The anisotropic Raman scattering can be explained by considering the effect of the dielectric permittivity mismatch of the NW geometry.^[@ref30],[@ref31]^ In contrast, the Ge nanodisc (blue) shows much less anisotropy and the Stokes intensity of the Ge TO peak was found to be larger for the pump laser polarized perpendicular to the NW axis, i.e., parallel to the elongated Ge nanodisc, which can again be associated with the dielectric permittivity mismatch of the geometry. However, according to the particular geometry of the nanodisc devices, this effect was found to be quite weak. Finally, the Ge nanodot (red) shows no preferential polarization axis. Based on these investigations, the Raman response of the respective devices was maximized for the following investigations choosing the proper laser polarization.

Importantly, the effective heat dissipation in Al-Ge-Al NW heterostructures compared to bare Ge NW devices allows the investigation of Raman scattering for higher excitation intensities without thermally damaging these devices. Determining the integrated Stokes intensity as a function of the excitation power requires subtraction of the enhanced background observed for the Al-Ge-Al heterostructures (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02602/suppl_file/jp0c02602_si_001.pdf)). The integrated Stokes intensity of the Ge TO peak was further normalized by Ge volume for varying Ge segment length *L*, as a function of the pump intensity is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. Devices with *L* ≥ 300 nm show a linear increase of the integrated Stokes intensity of the Ge TO peak for all investigated pump intensities, indicating that merely spontaneous Raman scattering occurs. In contrast, the integrated Stokes intensity of the Ge TO peak of devices with *L* = 20, 50, and 100 nm became nonlinear for sufficiently high pump intensities, suggesting the onset of SRS. Considering the smallest 20 nm long Ge nanodisc heterostructure device at a pump intensity of 60 kW/cm^2^, the integrated Stokes intensity of the Ge TO peak was twice the value calculated from linear extrapolation at the lowest pump intensities, corresponding to a 100% enhancement in Stokes scattering. A comparison of the integrated Ge TO signal to the substrate related Si TO and SiO~2~ signals is shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02602/suppl_file/jp0c02602_si_001.pdf).

![(a) Temperature-corrected integrated Stokes intensity of the Ge TO peak for Al-Ge-Al NW heterostructures as a function of the pump intensity normalized with respect to the volume of the Ge segment. Ge segment lengths vary between 20 nm and 1 μm. The solid lines are guidance for the eye. (b) Evaluation of the normalized integrated Stokes intensity of the Ge TO peak at 256 kW/cm^2^ pump intensity as a function of the Ge segment length *L*. The inset schematically shows the transition from heterostructure devices with Ge segments to Ge nanodiscs. All μ-Raman measurements were obtained using a λ = 532 nm pump laser. (c) Calculated electric field energy for bare Ge NWs (blue) and Al-Ge-Al NW heterostructures (red) normalized by both Ge volume and the effect of relative heating. The temperature corrections for (c) are shown in the supporting information (cf. [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02602/suppl_file/jp0c02602_si_001.pdf)). The inset shows cross-sections of the field intensity distributions (\|*E*~p~ (**r**)\|^2^/\|*E*~0~\|^2^) in the Ge segments for *L* = 20, 50, and 300 nm.](jp0c02602_0005){#fig5}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b shows the evaluation of the normalized integrated Stokes intensity of the Ge TO peak at a pump intensity of 256 kW/cm^2^ as a function of the Ge segment length. The rapid increase in electric energy for Ge segment lengths \<100 nm indicates a nanocavity effect within the Al-Ge-Al NW heterostructure device geometry.

The spontaneous Raman signal strength, *S*~R~, depends on the electric field energy, , within the Ge volume, *V*~Ge~, where *E*~p~ (**r**) is the incident electric field. It will also be affected by temperature, which can be taken into account by a correction function determined from the experiments, *f*(*L*). We thus can write the normalized Raman signal per unit volume as , where *W*~CE~ has units of electric energy density. Calculations of *W*~CE~ are depicted for the bare Ge NW as well as the Al-Ge-Al heterostructure in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. The correction data *f*(*L*) and the noncorrected calculations are also shown for comparison in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02602/suppl_file/jp0c02602_si_001.pdf). Most notably, the electric energy density increases for *L* \< 100 nm in the Al-Ge-Al heterostructure (red dashed line), which indicates good optical confinement. This is in stark contrast to the Ge-only case, which shows a strong decrease for *L* \< 100 nm (blue dashed line), indicating the loss of optical confinement. In fact, very little of the electric field penetrates the NW for segments of length, *L* \< 100 nm, as shown in the inset of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. For the Al-Ge-Al heterostructure (inset [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c, upper row), a hybrid plasmonic mode exists allowing for nonvanishing fields within the Ge even for the very shortest Ge segments. Note that this is in line with the results from the study of Fan et al.,^[@ref32]^ where a Ge NW resonance was cascaded with a metallic slit resonance formed between two narrow metal electrodes to support standing wave resonances of gap surface plasmon polaritons.^[@ref33],[@ref34]^ These experimental observations and field calculations show that the metallic contacts are key to observing SRS within the narrow Ge-segment regime. The Al contacts to the Ge provide two functions: (1) optical confinement via a hybrid plasmonic mode to ensure a sufficiently large electric energy density to trigger SRS and (2) the mitigation of Ge heating under intense laser excitation.

Conclusions {#sec4}
===========

We have systematically investigated Raman scattering in Ge NWs as well as axial Al-Ge-Al NW heterostructures with abrupt metal--semiconductor interfaces. We demonstrated that these quasi-1D heterostructures can be reassembled into Ge segments that are monolithically integrated between c-Al mirrors that also serve as effective heat sinks. Plasmonic mode resonances within these nanocavities result in SRS with thresholds as low as 60 kW/cm^2^. This is a significant step toward the development of a homogeneous group-IV nanolaser with a low lasing threshold, which could lead to the development of the first monolithically integrable Ge-based Raman nanolaser in the infrared as well as telecom wavelength range.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpcc.0c02602](https://pubs.acs.org/doi/10.1021/acs.jpcc.0c02602?goto=supporting-info).Laser-induced heating effects of Ge NWs, transmission electron microscopy (TEM) and energy-dispersive X-ray (EDX) images of Al-Ge-Al NW heterostructures, details regarding the calculation of electric field energy for bare Ge NWs and Al-Ge-Al NW heterostructures with respect to the effect of heating ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c02602/suppl_file/jp0c02602_si_001.pdf))
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